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Nanomaterials are prone to influence by chemical adsorption because of their large surface to 
volume ratios.  This enables sensitive detection of adsorbed chemical species which, in turn, can 
tune the property of the host material.  Recent studies discovered that single and multi-layer 
molybdenum disulfide (MoS2) films are ultra-sensitive to several important environmental 
molecules.  Here we report new findings from ab inito calculations that reveal substantially 
enhanced adsorption of NO and NH3 on strained monolayer MoS2 with significant impact on the 
properties of the adsorbates and the MoS2 layer.  The magnetic moment of adsorbed NO can be 
tuned between 0 and 1 µB; strain also induces an electronic phase transition between half-metal 
and metal.  Adsorption of NH3 weakens the MoS2 layer considerably, which explains the large 
discrepancy between the experimentally measured strength and breaking strain of MoS2 films 
and previous theoretical predictions.  On the other hand, adsorption of NO2, CO, and CO2 is 
insensitive to the strain condition in the MoS2 layer.  This contrasting behavior allows sensitive 
strain engineering of selective chemical adsorption on MoS2 with effective tuning of mechanical, 
electronic, and magnetic properties.  These results suggest new design strategies for constructing 
MoS2-based ultrahigh-sensitivity nanoscale sensors and electromechanical devices.  
  
Molybdenum disulfide (MoS2) nanosheets have recently attracted great interest for their 
intriguing properties that promise a viable alternative to graphene-based systems.1-4  Recent 
research indicated that single and multi-layer MoS2 films are ultra-sensitive to a number of 
molecules important in environmental studies.5-8 In additional, the semiconducting nature of 
MoS2 is of great interest for modulating the transport characteristics with exposure to light or 
gate bias to enhance sensing performance.9  Initial results have revealed that MoS2 films are 
extremely sensitive to adsorption of NOx and NH39-11 as indicated by changes in resistivity 
induced by adsorbed molecules that act as charge donors or acceptors.  The detection of NH3 is 
sensitive to 1 ppb (parts per billion), and the ultimate sensitivity of single-molecule adsorption 
was suggested for NO29.  These reports have raised promising prospects of developing new 
MoS2-based nanodevices.  An in-depth understanding of chemical adsorption on MoS2 requires 
further exploration of the adsorption process and characteristics in response to external influence 
that may lead to improved performance or even new phenomena.  It has been shown that charge 
control can effectively tune the CO2 capture on boron nitride nanomaterials.12  Recent 
experiments and theoretical calculations also demonstrated that the chemical reactivity and 
reaction rate of aryl diazonium molecules on graphene can be dramatically increased by 
mechanical strain.13 These studies suggest that chemical adsorption on MoS2 is likely to be 
susceptible to external influence, thus opening a new avenue to control adsorption process and 
tune material properties.  In fact, strain effect is expected to have a particularly strong influence 
on MoS2 since it undergoes a strain induced semiconductor-to-metal transition with considerable 
charge redistribution14-17, a phenomenon absent in graphene. 
Flexible electronics is another area of potential application for monolayer and multi-layer 
MoS2 films that exhibit superior mechanical properties18-20.  There is, however, conflicting 
reports on the strength and breaking strain of MoS2.  A recent experimental study18 found that 
  
the effective Young’s modules of monolayer MoS2 is 22±4 Gpa with an effective breaking strain 
of 6~10%.  In stark contrast, the critical strain is estimated to be about 20% from first-principles 
calculations based on density functional theory14,21-22. This large disparity between the 
experimental results and theoretical predictions has been attributed to the defect effect that is not 
considered in theoretical modeling and calculations.  While defects usually tend to reduce 
breaking strain and material strength, it remains unclear to what extent they are responsible for 
the observed strength reduction in MoS2.  Meanwhile, chemical adsorption is known to play a 
prominent role in affecting mechanical properties of nanostructures.  Unveiling the effect of gas 
molecule adsorption on mechanical properties of monolayer MoS2 would provide insights for 
understanding this issue that is important to its application in flexible electronic nanodevices. 
In this work, we show by ab initio calculations that a biaxial strain can effectively tune the 
adsorption strength of NO and NH3 on monolayer MoS2, producing significant changes in the 
mechanical, electronic and magnetic properties of the adsorbates and the MoS2 layer.   This 
strain-dependent adsorption behavior is driven by a marked increase in charge transfer between 
the gas molecules and the strained MoS2 layer.  As a result, NO-adsorbed monolayer MoS2 
enters a new half-metallic state prior to its strain-induced metallization, and the magnetic 
moment on NO is tunable by strain in the range of 0~1µB.  With the adsorption of NH3 
molecules, the critical breaking strain of monolayer MoS2 is reduced to 12.5%, which is much 
smaller than the previous theoretical prediction of 20% and more consistent with the 
experimental results.  Our results also show that adsorption of CO2, CO, or NO2 on MoS2 is 
insensitive to the strain condition in the MoS2 layer, allowing selective discrimination among the 
adsorbed chemical species.  Recent experimental manipulation of strained MoS2 nanosheets18-20 
indicates it is feasible to apply strain engineering to control and distinguish chemical adsorption 
on monolayer MoS2, which is also useful for constructing MoS2-based nanodevices. 
  
Results and Discussion 
Selective strain-sensitive adsorption and structural characteristics We have examined 
adsorption of NO, NO2, CO, CO2 and NH3 on the surface of monolayer MoS2 with a focus on the 
strain response of the adsorption, and have compared the results to experimental measurements 
and theoretical calculations.  We first consider two strained states (0% and 10%) to compare the 
response of the adsorption process. We list in Table 1 key parameters, including the adsorption 
distance (see definition in Figure 1a), adsorption strength (defined as Eabs=Etot-EMoS2-Egas, where 
Etot, EMoS2, Egas are total energy of gas adsorbed MoS2, energies of gas molecule and MoS2, 
respectively) and magnetic moment.  While adsorption of NO and NH3 are strain sensitive, other 
gas molecules show no appreciable response to applied strain.  We therefore focus our 
discussions below on the cases of NO and NH3 adsorption on MoS2.  
The fully relaxed structural configurations are presented in Fig. 1, where one can see that 
the gas molecules prefer to locate in the hexagonal center (Fig. 1a) and would move there even 
when initially placed on top of Mo or S atoms.  For NO adsorption, the nitrogen (oxygen) atom 
is aligned toward (away from) the MoS2 layer and forming an angle of 62 degree relative to the 
surface of the MoS2 layer.  The hydrogen atoms in ammonia point toward the three Mo atoms of 
one MoS2 hexagonal ring while the nitrogen atom sits at the center, as shown in Fig. 1a and 1b. 
We notice that our calculated adsorption distance is smaller and adsorption strength generally 
larger than the recently reported values23.  This is likely due to the less stringent structural 
determination procedure employed in the earlier work that did not perform an extensive search 
for the most stable adsorption configuration. We have cross checked our optimized structures 
obtained from SIESTA calculations using the VASP25 code with the van der Waals interaction. 
The two sets of results are in excellent agreement, providing strong support for their validity. 
  
Meanwhile, results in Table 1 show that adsorption of N-based gas molecules has lower 
adsorption energies (i.e., more negative, thus stronger binding) compared those for adsorption of 
CO and CO2, which explains the higher sensitivity to NOx and NH3 adsorption as seen in recent 
experiments9-11.  The adsorption distance between NO and strain-free MoS2 is 2.1 Å, but is 
reduced to 1.62 Å (a 23% reduction) at 10% strain.  For ammonia, the distance reduction under 
the same strain condition is 14%, which is smaller but still significant.  As a result of the distance 
reduction, the binding becomes stronger as evidenced by the larger values of adsorption strength 
(see Table 1).  The strain response of other gas adsorptions, such as NO2, CO and CO2, is much 
smaller, indicating sensitive selectivity of strain enhanced gas adsorption on monolayer MoS2. 
Table 1. Calculated adsorption distance d between gas molecules (including NO, NO2, CO, CO2 and NH3) and 
the MoS2 layer, adsorption energy (Eabs) and magnetic moment (M) when the MoS2 layer is in equilibrium 
condition (0% strain) and under a 10% strain. 
 NO NO2 CO CO2 NH3 
 0% 10% 0% 10% 0% 10% 0% 10% 0% 10% 
d (Å) 2.1 1.62 2.15 2.15 2.45 2.39 2.74 2.56 2.79 2.39 
Eabs (eV) -0.54 -0.72 -0.94 -0.91 -0.42 -0.43 -0.45 -0.47 -0.49 -0.55 
M (µB) 1.0 0.71 1.0 0.97 ~ ~ ~ ~ ~ ~ 
 
 
 
Figure 1. Top (a) and side (b) view of the relaxed structural (supercell) model of gas adsorption 
on monolayer MoS2.  
  
Strain-dependent NO adsorption on monolayer MoS2 Our calculations indicate that 
adsorption of NO on monolayer MoS2 is highly sensitive to the strain condition in the layer.  In 
Fig. 2(a), we present the adsorption distance and energy as a function of strain.  Both quantities 
decrease with rising strain; the adsorption energy becomes more negative, indicating stronger 
binding at reduced adsorption distance.  These quantities, however, do not change linearly with 
strain.  There is a sharp drop around the strain of 10% for both adsorption distance and energy.  
This is correlated with the metallization of MoS2 that occurs at a critical strain of about 10% as 
reported in previous studies14-17; the electron redistribution associated with the metallization has 
a significant effect on the adsorption of gas molecules.  Recent experimental and theoretical 
investigations indicate that charge transfer is the reason for the decrease in the resistance of 
MoS2,9 and the enhancement of gas adsorption found here can also be attributed to the increased 
electron transfer after the metallization of the MoS2 layer.  This can be seen from our calculated 
results on the enhanced charge transfer (Δρ=ρtot-ρMoS2-ρgas) in the 10% strained MoS2 as shown 
in the insets of Fig. 2(a). After the metallization of the MoS2 layer, some electrons are even 
transferred to Mo atoms and become slightly delocalized.  In contrast, the charge transfer in the 
strain-free layer is limited between the gas molecule and the most adjacent S atom. 
It has been found in graphene and MoS223,25 that adsorption of paramagnetic molecules 
such as NO and NO2 can lead to their spin polarization.  Our calculated magnetic moment for 
NO on MoS2 is 1 µB, which is in agreement with previously reported results, 23,25 and the spatial 
spin distribution analysis shows that all the spin-unpaired electrons are localized on the NO 
molecule (see the inset of Fig. 2b).  Interestingly, we find that the magnetic moment of the 
adsorbed NO molecule is tunable by strain in the MoS2 layer, and its size decreases gradually 
with increasing strain up to 10% and then undergoes a sharp downward turn toward zero. A 
  
Mulliken population analysis indicates that in the absence of applied strain there is 0.051e of up-
spin electron transferred to MoS2 while it is 0.034e for the down-spin electron.  At 10% strain, 
the corresponding values are 0.151e and 0.102e.  The strain dependence of the transfer of spin 
polarized electrons leads to the change of magnetic moment discovered in our study. It is noted 
that the spin polarized electrons are always located on the NO molecule regardless of the strain 
state (see the spin distribution shown in the inset of Fig. 2b). 
 
 
Figure 2. (a) Calculated adsorption distance and energy as a function of strain for NO adsorbed 
on monolayer MoS2.  The insets show electron transfer (i.e., the difference between electron 
distribution of NO+MoS2 and that of separated components) at 0% and 10% strained conditions. 
The isosurface is 1×10-3e/Å3, and red (blue) indicates electron gain (loss). (b) Magnetic moment 
variation under strain, the spatial spin distributions at 0% and 12.5% strain are shown as insets.  
            The spin polarized density of states (DOS) of NO adsorbed monolayer MoS2 is shown in 
Fig. 3, where results for three typical strained states (0%, 5% and 10%) are presented. The Fermi 
level after adsorption is shifted to the conduction band; it can be identified by the DOS plot (Fig. 
  
3a) that indicates an n-type doping effect where NO acts as a charge donor. This effect is also 
manifested in the charge transfer from NO to MoS2 as shown in the inset of Fig. 2a. The 
difference in the DOS near the Fermi level is mainly attributed to the N-p orbitals according to a 
projected DOS analysis, and the resulted DOS peak comes from only the spin-up electrons.  This 
half-metallic state remains robust as strain increases (see the DOS of 5% strained NO+MoS2 in 
Fig. 3b), and it lasts until the metallization of the MoS2 layer at 10% strain.  Figure 3c shows the 
DOS at 12.5% strain where the system is in a normal metallic state. The contribution of the DOS 
from the MoS2 layer, which has a spin polarization opposite to that of the adsorbed NO, 
compensates the spin-polarized DOS from NO and eventually overwhelms it, leading to the 
normal metallic state. This explains the substantial decrease of the magnetic moment, especially 
after the metallization of the MoS2 layer, as shown in Fig. 2b. 
 
 
Figure 3. Calculated spin polarized density of states (DOS) of NO+MoS2 under strain of (a) 0%, 
(b) 5%, and (c) 12.5%. 
 
  
Adsorption of NH3 on monolayer MoS2  From the results in Table 1, one can see that 
adsorption of ammonia on monolayer MoS2 also exhibits an appreciable response to applied 
strain.  We have performed extensive calculations in the strain range of 0~12.5% to explore the 
behavior of ammonia adsorption on strained MoS2. The calculated adsorption distance and 
energy as a function of strain are shown in Fig. 4.  Here the results follow the same general trend 
for NO adsorption shown in Fig. 2a.  There are, however, notable differences in the variation of 
these quantities in response to increasing strain.  The decrease of the adsorption distance and 
energy is gentler before the metallization of the MoS2 layer, and the curves form a plateau near 
the critical strain region (around 10% where MoS2 is metalized)14-17.  These results give a 
quantitative description of the relatively weaker strain dependence of ammonia adsorption on 
MoS2. Further increasing strain, however, leads to a very sharp reduction of the adsorption 
distance with greatly increased adsorption energy (see Fig. 4a). A detailed structural examination 
shows that the MoS2 layer is broken along its zigzag direction (see the inset of Fig. 4a for a 
snapshot at 12.5% strain), and the crack line is located at the ammonia adsorption site.  This 
result reveals a strong corrosion effect of ammonia gas on the mechanical property of the MoS2 
layer. Here the breaking critical strain of 12.5% for NH3 adsorbed MoS2 monolayer is 
significantly smaller than previous theoretical prediction of 20% for pristine MoS2 monolayer.  
The present result is closer to the recent experimentally measured value of about 10%.  It shows 
that ammonia molecules have a detrimental effect on degrading the mechanical integrity of the 
MoS2 layer, and they should be avoided, perhaps through proper chemical functionalization, in 
applications of MoS2 as components in flexible electronics. 
Similar to the situation of NO adsorption, the enhanced adsorption characteristics of 
ammonia on MoS2 also results from increased charge transfer under strain.  From Fig. 4(b) to (d), 
one can see a systematically enhanced charge transfer with increasing strain, going from 0.083e 
  
at 0% strain to 0.13e at 12.5% strain according to a Mulliken charge analysis. As previously 
reported22 and also observed in the present work, the NH3 adsorption has little effect on the 
electronic structure of MoS2. The electronic band gap of NH3 adsorbed strain-free monolayer 
MoS2 is 1.5 eV, which is identical to the gap of pristine strain-free monolayer MoS2.  This is 
because the adsorption induced states are located in the high-lying conduction bands in the 
energy range of 4~6 eV, and they have little effect on the states near the Fermi level. Under 
strain, however, charge transfer significantly impacts the electronic structure, reducing the gap to 
0.32 eV at 5% strain and closing it at 10% strain as indicated by the DOS plots shown in Fig. 4e. 
 
Figure 4. (a) Calculated adsorption distance and energy as a function of strain for NH3 adsorbed 
monolayer MoS2. The structural snapshots at selected strained conditions are presented as insets. 
Charge transfer is plotted for the strain state of (b) 0%; (c) 10% and (d) 12.5%. (e-h) DOS of 
NH3+MoS2 under different strained conditions.  
Discussion   We have discovered by ab initio calculations a highly sensitive strain dependence of 
adsorption of NO and NH3 molecules on monolayer MoS2.  The adsorption strength as measured 
by the binding energy of these molecules to the MoS2 layer can be controlled and enhanced by 
applied strain, and it leads to significantly changed electronic and magnetic properties, which can 
be used as ultrasensitive markers to detect these chemical species.  The tunable magnetic 
moment of the adsorbed NO molecules and the accompanied transition to a half-metallic state 
  
may also find application in nanoscale electronics and spintronics.  Our results reveal that these 
new findings are driven by the enhanced electron transfer between the adsorbates and the MoS2 
layer, especially after the strain-induced metallization of the MoS2 layer.  This mechanism is also 
responsible for the considerable deterioration of mechanical strength of NH3 adsorbed monolayer 
MoS2, which explains the large discrepancy between recent experimental results and previous 
theoretical predictions and suggests possible remedies for improving the mechanical properties 
that are important for the application of MoS2 films in electromechanical devices.   Since the 
adsorption of NO and NH3 on strain-free MoS2 layer and the manipulation of strained MoS2 
films have been recently demonstrated by separate experiments, we expect that our predicted 
strain engineering of selective chemical adsorption on MoS2 would stimulate immediate interest 
and further exploration for fundamental understanding and practical application. 
 
Methods 
The reported calculations were performed using the density functional theory (DFT) 
approach based on pseudopotentials with localized atomic-orbital basis sets as implemented in 
the SIESTA code.26  We used the Perdew−Burke−Ernzerhof (PBE)27 generalized gradient 
approximation (GGA) for the exchange-correlation energy and norm-conserving 
pseudopotentials for the core−valence interactions. Spin polarization was included when 
calculating the adsorption of NO and NO2 on MoS2 since these molecules are paramagnetic, but 
not considered in the calculations for other gas molecules.  The double-ζ polarized numerical 
atomic-orbital basis sets for all atoms were used. Single k-point and 5 × 5 × 1 Monkhorst-
Pack k-point grid were used in the structural optimizations and energy calculations, respectively. 
The plane-wave cutoff of 300 Hartree was chosen for all simulations, and atomic positions were 
fully relaxed until the force on each atom <0.02 eV/Å.  To isolate the nanosheets, the supercells 
  
contain a vacuum layer of at least 10 Å along the vertical direction to guarantee negligible 
interactions between the neighboring layers. The lattice constant of strain-free MoS2 unit cell is 
taken as the experimental value, a0=3.166 Å,28 and the strained nanosheet takes the lattice 
constant of a=(1+ε)×a0. 
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